High temperature superconductivity in cuprates is believed to be realized by introducing an appropriate amount of charge carriers into the CuO 2 planes [1] [2] [3] . It has been found that both the normal state properties and superconductivity are rather sensitive to the doping level. In the underdoped region, the normal state deviates significantly from the Fermi liquid behaviors and the superconducting gap is particularly anomalous: it decreases with increasing doping even though T c still increases with doping, and the measured momentumdependent superconducting gap deviates more obviously from the standard d-wave form with decreasing doping[1, 2, 4, 5] . In the overdoped region, on the other hand, the normal state properties appear to become close to a Fermi liquid while the superconducting gap tends to resemble the BCS behaviors: it decreases with increasing doping with a concomitant T c decrease and its momentum dependence follows a standard d-wave form[1, 2, 5, 6] . It has been also found that superconductivity of the cuprate superconductors is sensitive to the number of CuO 2 planes, n, in one structural unit; T c increases from single-layer (n=1), to bilayer (n=2) and trilayer (n=3), reaches a maximum for trilayer (n=3), and then drops with the further increase of the number of CuO 2 planes [7] [8] [9] . Investigations on the doping dependence and CuO 2 layer dependence of the electronic structure and superconducting gap symmetry are important for understanding the origin of high temperature superconductivity in cuprate superconductors Angle-resolved photoemission spectroscopy (ARPES) measurements on Bi 2 Sr 2 CaCu 2 O 8+δ (Bi2212) have provided major results on the doping and temperature evolutions of electronic structure, many-body effects, peudogap and superconducting gap about cuprate superconductors[1, 2, 5, 6, 10, 11] because Bi2212 is easy to cleave to get smooth sample surface for ARPES measurements and can cover a relatively wide range of doping levels. In fact, Bi2212 consists of two CuO 2 planes in one structural unit separated by calcium (Ca). The interaction between these two structurally equivalent CuO 2 planes gives rise to two Fermi surface sheets, bonding and antibonding, that encompass different Fermi surface areas and thus different doping concentrations [12] [13] [14] [15] [16] [17] [18] [19] . It is interesting to ask whether the superconducting gap on the two Fermi surface sheets is the same or not because they have rather different doping levels. Due to instrumental resolution limit, the previous ARPES measurements on Bi2212 all indicated that the two Fermi surface sheets have similar superconducting gap within the experimental uncertainty [20, 21] .
In this paper, we report high resolution laser-based ARPES measurements on the elec-3 tronic structure and superconducting gap of Bi2212. Using our latest generation of laser ARPES that can cover two-dimensional momentum space at one time with super-high resolution, we have identified the bilayer splitting and measured the superconducting gap with unprecedented precision. In an overdoped Bi2212 with a T c of 75 K, we have observed two Fermi surface sheets which encompass rather different areas: the bonding Fermi surface sheet has a doping level of 0.14 which corresponds to a slightly underdoped case while the antibonding sheet has a doping level of 0.27 that corresponds to a heavily overdoped case. [22] . Our results provide important information for understanding the relationship between the Fermi surface topology and superconductivity, and also the layer-dependent superconductivity in cuprate superconductors.
High resolution angle-resolved photoemission measurements were performed using a new lab-based ARPES system equipped with 6.994 eV and 10.897 eV vacuum-ultra-violet (VUV) laser light source and the angle-resolved time-of-flight electron energy analyzer (ARToF) [23, 24] . One significant advantage of this ARToF-ARPES system is that it can cover twodimensional momentum space simultaneously; with 10.897 eV laser as the light source, the detected momentum space can reach both the nodal and anti-nodal regions. In particular, it can cover nearly half a quadrant that includes both the nodal and antinodal regions for one measurement; then all the data are taken under the same experimental condition (Figs. 1 a and 1b). The second advantage is its high instrumental resolution: the energy resolution is better than 1 meV and the angular resolution is 0.1 • corresponding to 0.0023Å −1 momentum resolution for the photon energy of 10.897 eV at Γ point. The third advantage is that, with the use of delay-line detector, it has much weaker non-linearity effect so that the measured signal is intrinsic to the sample. The Fermi level is referenced by measuring on clean polycrystalline gold that is electrically connected to the sample or referenced to the nodal direction of Bi2212 superconductors where the superconducting gap is known to be zero. The overdoped Bi2212 single crystals with a T c at 75 K were obtained by annealing the as-grown Bi2212 sample under high oxygen pressure [25] . The samples were cleaved in situ at low temperature of 20 K and measured in ultrahigh vacuum with a base pressure better than 3×10 −11 mbar. Figure 1 shows the Fermi surface of the overdoped Bi2212 (T c =75 K) measured at 20 K in the superconducting state (Fig. 1a) and at 90 K in the normal state (Fig. 1b) . Using our laser-based ARToF-ARPES system with a photon energy of 10.897 eV, more than half of a quadrant of the first Brillouin zone can be covered simultaneously which encompasses both the nodal and antinodal regions of Bi2212. In Bi2212, since there are two CuO 2 planes in one structural unit (half a unit cell along c direction) separated by calcium, the interaction between the two CuO 2 planes gives rise to bilayer splitting that results in two Fermi surface sheets: bonding sheet (BB) and antibonding (AB) sheet, as depicted in Fig. 1c as thick lines [12, [15] [16] [17] 26] . This bilayer splitting is more pronounced in overdoped Bi2212
samples [26] . In addition, because Bi2212 has a superstructure modulation along b
direction [27] [28] [29] [30] , it produces superstructure Fermi surface with different orders, n, as shown give an overall Fermi surface of our measured sample: antibonding Fermi surface sheet (red line in Fig. 1d ) and bonding Fermi surface sheet (blue line in Fig. 1d ).
As shown above in Fig. 1 , the bilayer splitting is clearly observed in the Bi2212 sample by our laser-ARPES measurement. In particular, the bilayer splitting along the nodal direction can be clearly resolved in the present measurement. Taking advantage of the photoemission matrix element effects by using different photon energies, such a bilayer splitting along the nodal direction was resolved before for the main Fermi surface [21, [35] [36] [37] [38] . As seen in Fig. 1a and to take the band structure along any momentum cut in the covered momentum space.
To facilitate direct comparison between the bonding and antibonding bands, we take the momentum cuts as shown in Fig. 2a by the black lines. These momentum cuts all pass through the Y(π,π) point and are defined by the angle θ as shown in Fig. 2a . Fig. 2b shows the band structure along these momentum cuts measured at 90 K in the normal state.
The corresponding band structure measured at 20 K in the superconducting state is shown in Fig. 2d , with the same location of the momentum cuts marked in Fig. 2c . Both the bonding band and the antibonding band are marked in Fig. 2b and Fig. 2d ; they split larger and larger when the momentum cuts approach the antinodal region. The band structure experiences a significant change upon entering the superconducting state, especially near the antinodal region. In the superconducting state, signatures of Bogoliubov bands for both the bonding and antibonding bands, caused by superconducting gap opening, are clearly seen and there appears interaction between the bonding and antibonding bands (Fig. 2d) .
The dramatic changes in the superconducting state are due to a combined effect of both the superconducting gap opening and the mode coupling[1, 10, 40, 41] . We also note that the relative intensity of the bonding and antibonding bands along the main Fermi surface shows a peculiar momentum dependence ( (Figs. 2c and 2d) . Therefore, such an intensity change with momentum for the bonding and antibonding bands is more likely related to the photoemission matrix element effects [1, 19] . In the following, we will mainly focus on the superconducting gap of the bonding and antibonding Fermi surface sheets in Bi2212.
In order to extract the superconducting gap, the photoemission spectra (energy distribu- 
. This is a standard procedure to extract superconducting gap in superconductors where Γ 1 is a single-particle scattering rate, ∆ is the superconducting gap and (k) is the band dispersion that is 0 at the Fermi level [42] .
The extracted superconducting gap for the bonding and antibonding Fermi surface along the main Fermi surface, as a function of the angle θ, is shown in Fig. 3f . Near the nodal
, bilayer splitting is not well-resolved along the main Fermi surface because the signal is dominated by the bonding band, as shown in Fig. 1 . Therefore, the superconducting gap obtained in this nodal region mainly represents the gap of the bonding Fermi surface sheet (Fig. 3f) . When the bilayer splitting becomes resolvable between θ = 0
• and 30
• , the superconducting gap of the bonding and antibonding Fermi surface sheets can be precisely determined, and is different near the antinodal region (Fig. 3f) .
The clear observation of the bilayer splitting near the nodal region along the superstructure Fermi surface (Fig. 1) provides a chance to extract the superconducting gap on the bonding and antibonding Fermi surface sheets near the nodal region that is not accessible from the main Fermi surface (Fig. 3) . (Fig. 4g) . The symmetrized EDCs along the antibonding Fermi surface and bonding Fermi surface in this antinodal area are shown in Fig. 4e and Fig. 4f , respectively.
The location of the Fermi momenta is marked in Fig. 4g . The symmetrized EDCs in Figs. 4e and 4f are fitted by the phenomenological gap formula and the obtained superconducting gap is plotted in Fig. 4h . Here the angle θ is defined in accordance with the one in Fig. 3e that it is 45
• along the nodal direction while it is 0 • along the antinodal direction. The data are consistent with those obtained from Fig. 3 and the bonding and antibonding Fermi surface sheets exhibit different superconducting gap near the antinodal region (Fig. 4h) . Figure 5a summarizes the superconducting gap measurements from the main Fermi surface (Fig. 3g) , the superstructure Fermi surface (Fig. 4d ) and the main Fermi surface near the antinodal region (Fig. 4h) . For the first time, it is revealed that the bonding and antibonding Fermi surface sheets have a different superconducting gap in Bi2212; the maximum gap size difference near the antinodal region is ∼2 meV. Previous ARPES measurements did not resolve such a difference [20, 21] . Super-high instrumental resolution and simultaneous two-dimensional momentum coverage of our laser-based ARToF-ARPES system play key roles in achieving such a conclusion. The superconducting gap is also plotted as a function of the standard d-wave form: 0.5×|cosk x -cosk y | in Fig. 5b . The superconducting gap for the antibonding Fermi surface (red circles in Fig. 5b ) follows basically a straight line and obeys the standard d-wave form. On the other hand, the gap for the bonding Fermi surface follows a linear line near the nodal region but deviates from the linear line in the antinodal region. Such a deviation may be interpreted as the signature of pseudogap formation [5] or high harmonics of the superconducting gap [43] which becomes more obvious in the underdoped region. In this case, two kinds of gaps can be defined: one is the antinodal gap measured directly near the antinodal region, ∆ AN , the other is the so-called nodal gap that is obtained by fitting the superconducting gap near the nodal region with a linear line and extrapolate to the antinodal region, ∆ N N [5] . According to the definition, the antinodal gap of our Bi2212 sample is ∼25 meV for the bonding Fermi surface (blue diamond in Fig. 5c) and ∼23 meV for the antibonding Fermi surface (red diamond in Fig. 5c ). The nodal gap for the bonding Fermi surface (blue circle in Fig. 5c ) and antibonding Fermi surface (red circle in Fig. 5c ) is nearly the same (∼23 meV).
It is known that the measured superconducting gap of Bi2212 exhibits an unusual behavior: the antinodal gap (∆ AN ) increases with decreasing doping while the nodal gap (∆ N N )
is not sensitive to doping in the optimally and underedoped samples (Fig. 5c ) [5] . However, these data are obtained by mainly considering an overall average doping level in Bi2212. As shown in Fig. 5c , if we plot the average gap size as a function of the average doping level for our sample, it is consistent with the previous results. However, since Bi2212 contains two Fermi surface sheets with different doping levels, it is more reasonable to consider the superconducting gap on each individual Fermi surface sheet. As shown in Fig. 5c , if we plot the superconducting gap as a function of doping for the two separate Fermi surface sheets, the relation obviously deviates from the usual overall behavior. In this case, the bonding Fermi surface with a doping of 0.14 that is slightly underdoped has a superconducting gap that is significantly smaller than the Bi2212 with an overall average doping level of 0.14.
The antibonding Fermi surface with a doping of 0.27 that is heavily overdoped still has a significantly large superconducting gap while for the Bi2212 sample with an overall average doping of 0.27, it has nearly zero gap and becomes non-superconducting. These indicate that the superconducting gap associated with a specific Fermi surface in Bi2212 is not solely determined by the Fermi surface topology or its doping level. The superconductivity is an collective effect that is associated with the overall superconducting unit and the interaction between the two CuO 2 planes in one structural unit.
It is also instructive to compare the relationship between the superconducting gap and In Bi2223, the absolute value of the gap is much larger (Fig. 5c) , the maximum gap size difference between the inner and outer Fermi surface sheets can reach up to ∼38 meV (Fig. 5c ) [44, 45] . In contrast, for Bi2212 in our present case, the maximum gap difference between the bonding and antibonding Fermi surface sheets is only ∼2 meV (Fig. 5c ). This gap difference appears rather small considering the dramatic doping level difference between the two Fermi surface sheets. This disparity of the gap size difference between the two Fermi surface sheets may be attributed to the different origin of the two Fermi surface in Bi2212 and Bi2223. In Bi2223, the doping level of the inner CuO 2 plane is much smaller than that in the outer two CuO 2 planes, giving rise to two distinct Fermi surface sheets corresponding to the two kinds of CuO 2 planes with rather different doping levels [44] . In Bi2212, the two CuO 2 planes in one unit is structurally identical; the two Fermi surface sheets originate from the hybridization of electronic structures between the two CuO 2 planes. It was expected that the two Fermi surface sheets in Bi2212 would give rise to similar superconducting gap for the bonding and antibonding Fermi surface sheets, as previous measurements indicated [20, 21] .
With the distinct superconducting gap revealed along the two Fermi surface sheets in Bi2212 (Fig. 5a) , it asks for further theoretical investigations to understand the gap difference when considering that the two Fermi surface sheets come from two structurally identical CuO 2 planes in real space, and from fully hybridized electronic structure between the two CuO 2 
